Seismic and Radar investigations performed in 2009 at Olkiluoto in a niche excavated on the side of the ONKALO access tunnel. The objectives have been to confirm the existence of the EDZ at Olkiluoto, to evaluate its extent and to determine its physical characteristics. Three crosshole and one singlehole seismic sections have been measured before and after the excavation. The results of these investigations are presented and discussed. As direct consequence of the EDZ along the tunnel wall, a decrease of acoustic P and S wave velocities and an increase in attenuation can be observed both from direct cross-hole measurements done in the immediate vicinity of the excavated wall and from remote sensing by side-scan measurements done in a borehole parallel to the tunnel wall and away from it. The existence of the EDZ has been proven beyond doubt by both transmission and reflection seismic imaging.
Introduction
The underground rock characterization facility, ONKALO, operated by Posiva Oy at Olkiluoto, Finland is used to assess the bedrock and groundwater conditions prevailing at the future spent nuclear fuel final disposal site and how construction works affect them. Investigations are carried out during the excavation of the access tunnel to the disposal facility and involve geology, hydrology, geochemistry, geophysics, and rock mechanics. A part of these studies focuses on the excavation damage zone (EDZ). Seismic and Radar investigations performed in 2009, in a niche drill and blasting excavated on the side of the access tunnel (Enescu and Cosma, 2010) . The objectives have been to confirm the existence of the EDZ at Olkiluoto, to evaluate its extent and to determine its physical characteristics. Previous experiments with EDZ suggest that its depth into the tunnel wall varies from 10 cm to 100 cm, around and along the tunnel, being reportedly affected by the excavation technique and the position relative to the blast rounds (Cosma 1995 , Cosma & Enescu 1996a , 1996b , Cosma & Heikkinen 1996 , Cosma et al 2001 Emsley et al 1996; Bäckblom et al 1999) .
High Resolution Seismic System and Experimental Setup
The EDZ niche (Investigation Niché TKU3) was built in the ONKALO access tunnel at Chainage 3620m. It is 5m wide, 4.5m high and 50m long, directed slightly upwards (1/50 or 1.15º). The blasting rounds were ~4m long. The seismic measurements were carried out in boreholes (Φ 76mm, diamonddrilled) and along the wall of the EDZ niche (see Figure 1) .
A cross-hole section had been measured between two boreholes (ONK-PP199 and PP200) drilled parallel to the planned axis of the niche, before it was excavated and was aimed at studying variations of the EDZ along the tunnel and the effect of different blasting designs. Borehole ONK-PP199 disappeared when the niche was excavated the "repeat" section being measured between the niche wall and borehole PP200. A second cross-hole section was measured between boreholes ONK-PP202 and PP203, drilled in a horizontal plane, transversely oblique to the niche axis. A third section was measured between boreholes ONK-PP204 and PP205, drilled downwards in a vertical plane, also oblique to the niche axis. The former section has been intended for mapping the variation of the EDZ with the depth into the tunnel wall, the latter for providing information on the EDZ in the tunnel floor. Both sections were re-measured after excavating the niche. Single-hole (side-scan) measurements were done in borehole ONK-PP200 before and after the excavation of the niche.
The measuring tool was the PS-8R system (Figure 1 ), composed of a source module and eight receivers spaced at 0.15 m. All receivers point in the same direction, transversely to the axis of the tool and can be rotated to receive energy from various directions. The source and receivers can either be placed in-line in the same borehole, for side-scan measurements, or in different boreholes, for cross-hole measurements. All cross-hole measurements were done with at 15cm intervals for both the source and the receivers. For the side-scan measurements, the source-receiver assembly was moved along the borehole at 15cm intervals, the source being at 1.185m below the lowest receiver.
The PS-8R instrument has been designed and built more than 15 years ago (Cosma, 1995) , for singlehole or cross-hole operations in dry or water-filled boreholes of any orientation. Used as intended, the PS-8R produces very clean pulses with frequencies between 25 -100 kHz and can detect very faint variations of the rock mechanical properties, over a range of up to 10 -15 m. The fieldwork was uneventful and the tools performed very reliably, the equipment being adequate for a proof of concept. For routine operation, the capability of the PS-8R will be enhanced by including multicomponent sources and receivers, automatic operation control and accessories for measuring easily on tunnel walls. 
Single-hole and Cross-hole Seismic Investigations
Figure 2 presents results of the side-scan measurements performed before and after the excavation of the EDZ niche. These produced a clear image of the EDZ, displaying variable thickness along the tunnel wall (plots 9 & 10 in Figure 2 ). The EDZ zone appears as increased backscattered amplitude in the measurements repeated after excavation. The results of the tomographic inversion for direct arrival P-and S-wave velocity, baseline and repeat measurements are also shown in Figure 2 (plots 5 & 6). Velocities, both P and S, are generally lower by 1 -2% after the excavation of the tunnel, while their standard deviations increased by ~20%. The additional set of measurements, done with the instruments at 45º from horizontal suggests some variation of the seismic velocities vs. the direction of the stress. The dynamic elastic constants computed along borehole ONK-PP200 from P & S wave velocities before and after excavation are also plotted in Figure 2 . The density has been taken from gamma-gamma density logging in the drillhole which was statistically calibrated to level of core sample data.
The results of the cross-hole measurements in the three sections are shown in Figure 3 . A somewhat expected difficulty appeared with the cross-hole and tunnel-to-hole tomographic inversions. While microsecond accuracy of the P-and S-wave arrival time picking has been achieved, the distances from source to receiver stations could not be measured with a corresponding accuracy of 5mm. The positioning errors could reach 10cm and more, which seems to be a practical precision limit of the borehole position logging. This lack of precision, if not corrected for, translates in velocity reconstruction artefacts. Fortunately, with single-hole the transmitter-receiver distance is constant and free of errors. The velocities determined along the hole are significantly more accurate. The concomitant inversion of crosshole and singlehole data succeeded therefore in correcting positioning errors and in producing a consistent velocity field. In the absence of the single-hole measurements, as the case was with the two short 'radial' crosshole sections, positioning corrections were derived from the crosshole data themselves (Cosma & Enescu, 2002) . Positioning corrections appear over again as a major component of any high resolution seismic imaging exercise and enough geometrical diversity and redundancy must be provided with the data to allow their application.
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Figure 2 Estimations made from time-lapse measurements along borehole ONK-PP200. Dynamic parameters: (1) Bulk modulus, (2) Shear modulus, (3) Young modulus, (4) Poisson ratio. S (5) and P (6) wave velocities. Borehole lithology and density (7). Fracture intensity and frequency (8).
Envelopes of the S-wave migrated section away from borehole ONK-PP200 from the baseline (9) and repeat (10) horizontal side-scan measurements along the borehole. The rugged form of the wall contour is shown in lilac. 
Conclusions
As direct consequence of the EDZ along the tunnel wall, a decrease of acoustic P and S wave velocities and an increase in attenuation can be observed both from direct cross-hole measurements done in the immediate vicinity of the excavated wall and from remote sensing by side-scan measurements done in a borehole parallel to the tunnel wall and away from it, at distances ranging between 78cm and 135cm. The S wave velocity is affected only by the mechanical integrity of the rock mass. The P wave velocity is affected also by the water saturation in the rock. Reflectivity or scattering (diffraction) of the seismic energy increases due to EDZ. Excavation generated fractures (and their effective porosity) and natural fractures open or close due to stress field, which affects the measurable properties in complex ways. Micro-fracturing, or porosity, changes the water content in the rock, reduces the strength, and plays a decreasing factor in the velocity of the acoustic waves.
The objective of the study has been to confirm the existence of the EDZ phenomenon at Olkiluoto, to evaluate its extent and determine its physical characteristics. High frequencies were conveyed to the rock and back to the wall surface, without significant attenuation. The need of laborious positioning corrections has been the reason why the tomographic reconstruction has not at this time been applied also to S-waves. Concomitant P-and S-wave inversion, with positioning corrections can be done in the future. With the innovative realization of side-scan imaging it has been possible to detect remotely disturbances from the excavated wall.
The existence of the EDZ has been proven beyond doubt by both transmission and reflection seismic imaging. Once more, seismic methods can be considered technically appropriate for monitoring and estimation of the EDZ.
